The workshop on "Heat-shock proteins: inflammatory versus regulatory attributes" was held in August 2007 at the 13th International Congress of Immunology (ImmunoRio2007), Rio de Janeiro, Brazil. This report contains a summary of the presentations, the discussions during the workshop, and the ideas exchanged with experts as well as among presenters before the meeting.
Organization and format of the workshop
The workshop was organized by Verônica Coelho (Brazil) and Kamal Moudgil (USA). The presenters included Yehuda Shoenfeld (Israel), Robert Binder (USA), and Femke Broere (The Netherlands), in addition to the two organizers. Coelho presented a brief introduction to the workshop, highlighting the inflammatory versus immunoregulatory properties of heat-shock proteins (Hsps) and emphasized the workshop as a discussion-oriented forum. To stimulate debate, she listed some unanswered hot questions on Hsps and the immune response that were gathered from different groups working in this field. The other presenters highlighted their experimental results obtained in different diseases or model systems that ranged from atherosclerosis (Shoenfeld), tumor immunology (Binder) , arthritis and infectious diseases (Broere), and immune regulation (Moudgil) . This first Hsp workshop held under the auspices of the triennial International Congress of Immunology (sponsored by the International Union of Immunological Societies; IUIS) took advantage of the considerable number of investigators working or interested in the field of Hsps. It was a successful initiative that promises to be continued in the following meetings. The novelty of this workshop was the effort to engage both the presenters and the audience participants in addressing open and controversial questions in the field of Hsps. This format created a very lively atmosphere for discussion and encouraged additional new questions. In addition, these interactions allowed one to see different points of view and to realize that there is no "one universal correct answer" to any particular question. The open questions debate revealed the need for further experimentation and also identified the areas of common interest among different research groups.
conflicting areas in Hsp research in inflammation and immunoregulation, the open debate gave a comprehensive view of the current perspectives on several critical issues pertaining to Hsps.
The scope of the workshop
The applications of immunology cover virtually all fields of medicine, but most notably the areas of autoimmune diseases, organ transplantation, tumors, and infectious diseases. Hsps are one of the common threads in these four areas of research. Immune responses to different members of the Hsp families have been the focus of intensive investigations in autoimmunity (van Eden et al. 1988; Durai et al. 2004a; Sherer and Shoenfeld 2006; Cohen 2007) , transplantation (Pockley and Muthana 2005; Caldas et al. 2006) , tumors (Srivastava 2002; Binder et al. 2004) , and infection (Steinhoff et al. 1999; Prinz et al. 2002; Lo et al. 2004 ) over the last two decades. One of the perplexing aspects of Hsps that is posing a challenge to investigators is their dual role in different disease processesan inflammatory (pathogenic) versus an anti-inflammatory (regulatory) activity. The objectives of this workshop were to discuss these contrasting roles of Hsps, to highlight the recent advances in the immunobiology of Hsps and the Hsp-based applications in medicine, and to raise and discuss open questions in the field.
Summary of the workshop proceedings
The workshop was very well attended, engaging at least 150 congress members. This workshop employed a format consisting of short talks by five investigators with expertise in the area of Hsps, followed by an open discussion forum where the attending members were encouraged to participate actively by asking questions, making a comment, or sharing experimental data. Furthermore, all five presenters were available together for the discussion session after the presentations. This discussion was reinforced by the questions that had been submitted earlier in the workshop by other experts in the area of Hsps who could not attend the Congress.
(A) Presentations 1. The involvement of Hsps in the pathogenesis of atherosclerosis (YS). Autoantibodies towards Hsp60/65 (hereafter referred to as Hsp65 for simplicity) are associated with atherosclerosis in human and animal studies. Ultrasonographic assessment of carotid atherosclerotic lesions showed that subjects with such lesions had significantly raised levels of anti-Hsp65 antibodies compared with controls (Xu et al. 1993) . In animal models, rabbits that were immunized with material containing Hsp65, either in the form of mycobacteria or recombinant Hsp65 alone, developed enhanced atherosclerotic lesions (Xu et al. 1992) . In another study, C57BL/6 mice were injected with either Hsp65, Hsp65-rich Mycobacterium tuberculosis, or PBS, and early atherosclerosis was found to be significantly enhanced in mice fed a high cholesterol diet that were immunized with the two former immunizing agents (George et al. 1999) . Interleukin (IL)-4 has a crucial role in the progression of early atherosclerosis mediated by inflammation, as it has been shown that IL-4-knockout mice immunized with Hsp65 had significantly less fatty streak formation than wild-type C57BL/6 mice (George et al. 2000) . Another study determined the role of cellular and humoral immune responses to Hsp65 in murine atherosclerosis. Adoptive transfer of Hsp65-reactive lymph node cells increased fatty streak formation in comparison with mice treated with bovine serum albumin-primed cells. Similarly, repeated intraperitoneal administration of IgG from the serum of Hsp65-immunized mice enhanced fatty streak formation in experimental mice in comparison with controls (George et al. 2001 ). These studies provide direct evidence for the pro-atherogenic properties of cellular and humoral immunity to Hsp65, and raise the possibility that both arms of the immune system have a synergistic pro-atherogenic effect. Last but not the least, Hsp65 can be employed for therapeutic purposes as we showed when Hsp65 was used to induce oral tolerance for atherosclerosis (Harats et al. 2002) . 2. Priming antitumor immunity and regulating autoimmunity-a dual role for Hsps (RB). Mammalian Hsps were first demonstrated to elicit antitumor immunity when they were isolated as tumorassociated antigens (Srivastava et al. 1986 ). Since then, Hsps have been shown to engage surface receptors on antigen-presenting cells (APCs; Binder et al. 2004 ). This interaction leads to internalization of the Hsp and cross-presentation of the chaperoned peptides on major histocompatibility complex (MHC) I and MHC II molecules. At the same time, Hsps also activate the APCs causing them to mature and co-stimulate the T cells. The result is the priming of a T-cell response, which is specific for the peptides chaperoned by the Hsp. These responses have been tested in numerous tumor, viral, bacterial, and model antigen systems and are currently being used in clinical trials of cancer (Srivastava 2002) . A contrasting aspect of Hsp immunity is its regulatory attribute. High doses of Hsps (at ten times the immunizing dose) elicit regulatory responses (Srivastava et al. 1986; Chandawarkar et al. 1999; Chandawarkar et al. 2004) . As tested in several murine autoimmune diseases, tumors and tissue grafts, high doses of Hsps tend to shut down ongoing T-cell responses, thus drastically reducing the severity of the autoimmune disease, increasing tumor growth or prolonging survival of MHCdisparate grafts. CD4 T cells have been implicated in this phenomenon (Chandawarkar et al. 1999; Chandawarkar et al. 2004 Anderton et al. 1995) . Additional studies with Hsp70 also showed that only T cells recognizing highly conserved sequences had a regulatory phenotype and were cross-reactive with the mammalian homologous proteins (Wendling et al. 2000 ). These results demonstrate that immune exposure to microbial Hsp was capable of inducing a regulatory T-cell response and that such regulation depended on a T-cell response that included a repertoire of (endogenous) Hsp-specific T cells. In addition, Hsp-specific T cells responding to these self-specific Hsp peptides produce high amounts of IL-10, a known regulatory cytokine. This IL-10-inducing capacity is specific for Hsp, as other highly conserved proteins did not induce such an IL-10 response (van Eden et al. 2005) . Hsp70 also can be used as a subunit vaccine in the chronic infection with Mycobacterium avium paratuberculosis (MAP; Koets et al. 2006) . Clearing of the infection coincided with enhanced antibody titers against the MAP-Hsp70 and might therefore depend on B-cell-dependent mechanisms, whereas protection in autoimmune inflammation seems to depend more on T-cell regulation. Intriguingly, Hsp70 vaccination in arthritic mice also induced a strong Hsp70-specific antibody response, while a reduction in arthritis-associated antibodies was observed. Although both T cells and B cells apparently mediate the protective effect of Hsps, it is not clear what determines this specific capacity of Hsp-specific T cells in protection against autoimmunity and chronic infection. 4. Self (rat) Hsp65 (Rhsp65) fails to induce arthritis, but affords protection against autoimmune arthritis (KM). Self tolerance plays a critical role in preventing the induction of autoimmunity. Potentially self-reactive T cells are purged from the developing T-cell repertoire in the thymus via negative selection. However, subsets of autoreactive T cells escape this checkpoint for a variety of reasons, and make it to the periphery, where their activity is kept in control by CD4+ CD25+ T regulatory cells (Treg) and other mechanisms of peripheral tolerance (Bala and Moudgil 2006) . In the AA model, the pathogenic T cells are directed against mycobacterial Hsp65. However, the identity of the precise self antigen targeted by these T cells is not fully defined. Rhsp65 is one of the putative target antigens implicated in the disease process (Moudgil 1998) . In this context, we tested whether the activation of self Hsp65-reactive T cells in the Lewis rat might lead to arthritis induction. Interestingly, rats immunized with Rhsp65 with the objective of priming and expanding the selfreactive T cells did not develop arthritis. Instead, these rats were protected from subsequently induced AA (Durai et al. 2004a ). The protective epitopes within Rhsp65 resided in the C-terminal region of the protein and were 'dominant' in terms of antigen processing and presentation. The pretreatment of rats with these C-terminal peptides of Rhsp65 also induced protective immunity against arthritis. Moreover, these epitopes were crossreactive with the C-terminal counterparts in mycobacterial Hsp65, which otherwise are 'cryptic' but were subsequently revealed during the inflammatory milieu of AA (Durai et al. 2004b ). Interestingly, both the self and the foreign C-terminal peptides were capable of downregulating the course of AA (Durai et al. 2004a, b) . These observations on the C-terminal epitopes further validate and enlarge the scope of foreign-self cross-reactivity elaborated earlier by van Eden and colleagues with another epitope region of Hsp65, 256-270 (Anderton et al. 1995) . In that epitope pair, the mycobacterial peptide, but not the self peptide, was protective against AA. With regard to the AA-protective effect of Rhsp65, the cytokine analysis of Rhsp65-reactive T cells revealed the predominance of the Th1 cytokine IFN-g over the Th2 cytokine IL-10.
A similar profile was evident when a single peptide of Rhsp65 (R465-479) was tested, and this peptide also induced protection against arthritis (Durai et al. 2004b; Durai et al. 2007 ). These results show that self-reactive T cells can be disease-regulating rather than being pathogenic. Paradoxically, the regulatory attribute of these T cells appears to be dependent on predominantly Th1 cytokines, highlighting another perplexing aspect of anti-Hsp immunity. Similar to Rhsp65, human Hsp65 has also been shown to induce protection against AA (Quintana et al. 2003) . Furthermore, antibodies to Hsp65 in arthritic Lewis rats possess disease-regulating activity (Ulmansky et al. 2002; Kim et al. 2006 ). Thus, both T cell and antibody response to Hsp65 can contribute to regulation of autoimmune arthritis.
(B) Comments by participants and other scientists in the field 1. Hsps in allotransplantation (VC). Although this topic was not specifically discussed in the workshop, it has been included here, as it is relevant to the ongoing debate on the inflammatory versus regulatory attributes of Hsps. The early observations regarding Hsp and transplantation included their cytoprotective effect in ischemia-reperfusion injury, increased expression in rejecting allografts, and the detection of graft-infiltrating T lymphocytes displaying reactivity to Hsp (Moliterno et al. 1995a; Moliterno et al. 1995b; Pockley 2001; Pockley and Muthana 2005) . Autoreactivity to Hsp seems to play a relevant role in the immune response to the graft, and Hsps are likely to induce both proinflammatory and immunoregulatory responses both in humans and in mice (Pockley 2001; Granja et al. 2004; Pockley and Muthana 2005; Caldas et al. 2006) . Hsp-derived molecules have been used for immunoregulation in experimental models of transplantation (Luna et al. 2007a; Slack et al. 2007 ). The precise conditions that determine these two opposing functional activities of Hsps are yet to be elucidated. These opposite outcomes are possibly influenced by a variety of factors such as the immunological microenvironment, the time point after transplantation, the inherent properties of different epitopes within the Hsps, and the balance between inflammatory and regulatory cytokines. The immunoregulatory epitopes of Hsps are promising candidates for immunoregulatory therapy in allotransplantation. 2. Healthy individuals harbor both antibodies and T cells reactive to self Hsp65, and soluble circulating Hsp (Abulafia-Lapid et al. 1999; Luna et al. 2007b; Merbl et al. 2007; Victora et al. 2007 ). Autoreactivity to Hsp may have a role in maintaining homeostasis and in immunoregulation, as proposed in the theory of the 'Immunological homunculus' (Cohen and Young 1991; Cohen 2007) . The observations that subsets of CD4+ CD25+ regulatory T cells (Treg) are reactive to self antigens (Tarbell et al. 2004; Masteller et al. 2005; Tarbell et al. 2007 ) and that Hsp65 enhances Treg function (Zanin-Zhorov et al. 2006) support the concept that autoreactivity may be immunoregulatory and that Hsp may play an important role in this physiological activity. 3. Hsp65 induces different innate effects on different cell types that include both pro-and anti-inflammatory consequences. Also, Hsp65 is an innate activator of Treg and is an adaptive ergotope for anti-ergotypic T regulators. Thus, Hsp65 is a major biomarker for the immune system. 4. The seemingly contrasting effects of Hsp70 in AA in rats and paratuberculosis in cattle illustrate an interesting 'immune-organizing' function of Hsps. The underlying and integrating mode of action of Hsp needs further investigation. 5. The transfer of Hsp-specific CD8+ clones into recombination activating gene-knockout (RAG-KO) mice induces lesions in the small intestine. In mice bearing an Hsp-specific transgenic T cell receptor (TCR), about 50% of lymphocytes are Hsp-specific, but the mouse is quite healthy. The transgenic TCR was cross-reactive with Hsp of Bacillus Calmette-Guérin (BCG), but immunization of mice with BCG showed no effect. In a conventional (dirty) housing environment, these mice developed colitis. It may be inferred from these observations that in clean conditions, mice can have high anti-Hsp reactivity without developing immune pathology or disease. 6. A provocative proposition relates to the role of soluble Hsps in "catching" circulating lipopolysaccharide (LPS) and inducing effector immune responses, which in part might be attributable to the bound LPS-this induction of proinflammatory immune response could be viewed as a beneficial aspect of LPS contamination of Hsp preparation. 7. Besides the dose of the antigen, the route of delivery (e.g., nasal versus oral) might affect the outcome of antigenic exposure. Also, the Hspinduced activation of immune cells might work via different routes in different species. For example, chemokine (C-C motif) receptor 5 (CCR5) can be activated via Hsp70 in human cells, but not in murine cells (Floto et al. 2006) . To circumvent such problems, peptide-specific effects can be studied in more detail in different species. 8. Hsp10 is also being considered for use in the treatment of arthritis. A therapeutic efficacy and safety clinical trial using Hsp10 in the treatment of rheumatoid arthritis (RA) has shown some promising results (Vanags et al. 2006) . The issue of LPS contamination of Hsp preparations is critical in clinical trials. It is very difficult to eliminate LPS for injection of Hsp or other proteins into humans. However, blood contains minute amounts of LPS, causing the injected Hsp to bind to LPS. Also, the Hsp10 treatment might show a beneficial effect in patients, but not necessarily in mouse models, and a reverse outcome might be observed for some other proteins. Hsp10 has been shown to induce suppression of AA (Ragno et al. 1996; Agnello et al. 2002) , which further supports the rationale for testing of Hsp10 in RA patients. Similarly, Hsp10 has been shown to reduce clinical signs of experimental autoimmune encephalomyelitis (Johnson et al. 2005) , and therefore, it might also be of utility in the treatment of multiple sclerosis. 9. An Hsp peptide has been shown to have a therapeutic effect in RA patients (Prakken et al. 2004) . The administration of this peptide is associated with increased Treg activity. Although the eventual clinical impact of this approach in RA needs to be tested in a larger clinical trial, it is an important development in Hsp research that follows the extensive and promising clinical testing of another Hsp peptide in patients with type 1 diabetes mellitus (T1D; Raz et al. 2007 ).
(C) Some open questions pertaining to the immunobiology and practical applications of Hsps
The comments and questions below that were discussed during the workshop cover many of the cutting-edge areas of ongoing research and point to various challenging areas for future research. 
